Introduction
Intraoperative neurophysiological monitoring (IOM) during neurosurgical procedures has become the standard of care at tertiary care medical centers. [1] [2] [3] [4] [5] [6] As studies have been published with regard to its utility and while it has be adopted as an almost universal adjunct to the neurosurgeon's operative equipment, there has not been any report in the literature
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Vol. 10, Issue 3, July-September 2015 adequate decision with respect to continuing with surgery, changing the operative plan, or aborting. [19] While most surgeons are aware of these IOM tools and their medicolegal fallout and implications, many do not have a clear understanding of what actions to take in the event of a monitoring change and how likely these changes will signal a postoperative deficit since no clinical study has been conducted to examine these waveform changes in a rigorous manner. Our hypothesis was that IOM waveform changes do predict neurological deficit and that surgeon actions in response to these alerts can help to reduce postoperative deficits. Our study aims to describe our surgical experience over a 7 year period including intraoperative monitoring alerts along with surgeon responses to these alerts coupled with any changes in the patient's clinical exam postoperatively.
Methods
Data regarding patient clinical presentation and neurological examination, operative course, IOM modalities used, IOM waveform baseline abnormalities and changes, alerts given to the surgeon by the technologist, surgeon responses to these alerts, surgeon actions in response to these alerts, and the postoperative patient neurological examination were compiled from a database of 1014 cranial and spinal surgical cases at a single institution from 2005 to 2011. IOM modalities utilized included somatosensory evoked potentials (SSEPs), transcranial motor evoked potentials (MEPs), dermatomal evoked potentials (DEPs), visual evoked responses (VERs), pedicle screw stimulation, and electromyography (EMG) [ Figures 1-6 ]. The data were acquired, displayed in real time, and stored digitally using Cascade ® software on a customized desktop personal computer. Surgeon responses to changes in IOM waveforms were recorded by the monitoring technologist and maintained in our clinical database in a prospective fashion.
Waveform evaluation included a quantitative and qualitative analysis of variability, morphology, latency, and amplitude of waveforms and their relationship to the anesthetic regimen, specifically the minimum alveolar concentration (MAC) of volatile inhalant agent along with the stage of surgery and any reported surgeon actions. In evaluating SSEP waveforms, a decrease in amplitude of 50% or increase in latency of 10% was considered to be indicative of a significant change that may indicate damage to neural structures. In our assessment of MEPs, DEPs, and VERs, we reported a change as a decrease in amplitude of 80%. Intraoperative EMG consists of spontaneous EMG obtained by placing electrodes directly in muscles and triggered EMG or pedicle screw stimulation. Spikes, bursts, and trains of EMG activity were recorded, with trains being of highest concern for nerve injury. A Spearman's rank correlation coefficient was calculated for each modality, as we are comparing nonparametric data (presence or lack of deficits being binary data). Using several descriptive cases, we illustrate how intraoperative monitoring can be utilized to the neurosurgeon's advantage to decrease patient and surgery-related morbidity.
In terms of anesthetic management, the volatile agent in approximately two-thirds of the cases was sevoflurane. In most of the remaining cases desflurane was utilized and in a very few cases isoflurane was used. MAC values used for desflurane, sevoflurane, and isoflurane were 6.5, 2.2, and 1.1% respectively. The status of neuromuscular blocking was monitored by repetitive train-of-four stimulation of the ulnar nerve with recording from the first dorsal interosseus muscle. Narcotics were generally administered as a continuous infusion, although occasionally as a bolus. Sufentanil was the agent most commonly used, followed by fentanyl. In several cases, a total intravenous anesthetic protocol was used, consisting of propofol and sufentanil infusions. In most cases, the propofol infusion was 100 μg/kg/min.
Statistical analysis was performed with StatTools add-in statistical package for Microsoft Excel 2003. P < 0.05 was used to determine the significance. Spearman rank correlation coefficient was used to calculate correlations.
Results
There were no anesthesia-related intraoperative complications. The most common procedures performed were posterior lumbar fusion (n = 413), anterior cervical discectomy and fusion (n = 135), posterior cervical fusion (n = 131), and posterior thoracic fusion (n = 111). Quantitatively recorded changes in IOM waveforms indicating potential injury were present in 87 of 1014 cases (8.6%). The relationship between the degree of amplitude loss or latency increase and presence of postoperative deficits was not significant (r = 0.045, P = 0.15). No one modality predicted postoperative deficits better than another. Representative screenshots from the Cascade® software platform of waveform changes are shown in Figures 2-6. Examples that involved waveform changes that normalized after repositioning are shown. In 23 of the 87 cases (26.4%), the surgeon responded [ Table 1 ] by repositioning the patient (n = 12), repositioning retractors (n = 1) or implanted instrumentation (n = 9), or by stopping surgery (n = 1) [ Table 2 ]. In all cases where the surgeon repositioned retractors or the patient, there were no sustained postoperative deficits. Four patients sustained deficits despite surgeon action [ Table 1 ]. Loss of IOM waveforms predicted postoperative neurological deficit in 10 cases (11.5% of cases with IOM changes). Thus, in 11.5% of cases where IOM changes were present, the patient sustained a postoperative new neurological deficit. There was only one instance of a postoperative deficit when there were no IOM alerts noted. We did not have any instance of permanent deficits when repositioning retractors (n = 1), or implanted instrumentation (n = 9), or by stopping surgery (n = 1). An example that involved waveform changes that normalized after repositioning is shown [ Figure 3 ]. Case presentation 6: Free-run EMG changes noted during L5-S1 instrumentation [ Figure 6 ].
Cases

Discussion
Minimally-invasive neurosurgical techniques have provided newer approaches that have led to better outcomes and are the preferred method for both cranial and spinal surgery over the past decade. [20, 21] Several studies have borne out the utility of IOM by looking at waveform changes and whether patients suffer from deficits postoperatively. [2, 3, 18, [22] [23] [24] [25] [26] [27] 34] Somatosensory evoked potentials monitor the dorsal column-medial lemniscus pathway by recording specifically from the median and ulnar nerves in the upper extremities and the posterior tibial nerve and peroneal nerves in the lower extremities. A decrease in amplitude of 50% or increase in latency of 10% is considered to be indicative of a significant change that may indicate damage to neural structures. [28, 29, 30] MEPs provide monitoring of the corticospinal tract. In the past, a clinical examination was required to attain this type of information, and an intraoperative wake-up test was often utilized. There are two usual methods of recording MEPs. They can be obtained transcranially as we did or via D-wave monitoring directly at the spinal cord level. MEPs vary in their interpretation. Some studies have used an all-or-nothing amplitude threshold while others have employed specific morphology criteria. [31] Our study provides convincing evidence of that utility of IOM. Changes in IOM waveforms indicating potential injury occurred in 8.6% of cases in our large series. A unique aspect of our study is that we recorded surgeon responses to IOM waveform changes. In 23 of the 87 cases (26.4%), the surgeon responded with some change in the intraoperative plan [ Table 1 ], meaning they took some action in response to the waveform changes. Loss of IOM waveforms predicted postoperative neurological deficit in 10 cases (11.5% of cases with IOM changes), making this a useful adjunct in neurosurgical procedures.
Raynor et al. have reported on the largest IOM data series to date examining 12,375 spinal surgical procedures. [16] They identified 386 (3.1%) patients with loss/degradation of IOM waveforms. On examination of surgeon actions and their sequelae, they found that in 93.3% of patients with waveform changes, intervention by the surgeon based on this IOM information led to waveform recovery and no neurological deficits after surgery. Reduction from a potential (worst-case scenario) 3.1% (386) of patients with significant change in IOM waveforms to a permanent postoperative neurological deficit rate of 0.12% (15) patients was achieved (P < 0.0001), thus confirming utility of IOM. These results are in line with ours except for their very small deficit rate that may be a result of how they defined deficit, which was not explained in their methods. Our definition was any change in motor power on the traditional 5 point scale.
In a very large study with similar patient numbers (1121 patients) as ours, Schwartz et al. found that 38 (3.4%) of patients had waveform changes. [32] Of those 38 patients, 17 showed MEP loss of over 65% without SSEP changes. In nine of the 38 patients, the signal change was related to hypotension and was corrected intraoperatively. In the remaining 29 patients, waveform loss was directly temporally related to a surgical maneuver. Three alerts occurred following segmental vessel clamping, and the remaining 26 alerts were related to instrumentation implantation and deformity correction. In total 9 (35%) of these 26 patients with an instrumentation-related alert, or 0.8% of the total cohort, awoke from surgery with a transient motor and/or sensory deficit with seven having motor and two having sensory deficits. SSEPs failed to identify a motor deficit 
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Hilibrand et al. reported on another large cohort of 427 patients, 12 of whom demonstrated substantial or complete loss of amplitude of MEPs. [33] Ten of the 12 patients had complete resolution of the waveform loss with the surgeon intraoperative intervention, whereas the remaining two awoke with a new motor deficit. SSEP changes lagged behind MEP changes by half an hour. According to their data, MEPs were 100% sensitive and 100% specific, whereas SSEPs were 25% sensitive and 100% specific. They found that transient sensory deficits when they do occur most likely represent mild neuropraxia that usually resolve, which agrees with the findings in our operative database.
The literature contains several studies documenting the utility of IOM, but there has been no previous study that documents both surgeon responses and deficits postoperatively such as ours. We hope that this finding may convince more surgeons that IOM has utility, and that waveform changes should not be overlooked when IOM is used. These findings also provide rigorous documentation with no patients lost to follow-up that may provide the basis for further research endeavors that may explore other aspects of how monitoring changes, surgeon responses, and patient deficits interplay with one another. More study is needed to obtain more quantitative data in terms of how long monitoring changes occurred before surgeons took action and what degree of monitoring changes were most likely or sufficient induce surgeon response or result in a new postoperative deficit.
Conclusions
Intraoperative neurophysiological monitoring is an effective adjunct to the neurosurgeon's armamentarium that may be particularly helpful when confronted with pathology near eloquent neural tissue. With improved IOM platforms, new minimally-invasive surgical techniques can help treat patients while improving the safety profile of our treatment options. In the largest comprehensive clinical IOM series to date that includes patients' preoperative and postoperative exam, IOM alerts, and surgeon actions, we report that the surgeon responded by appropriate interventions in over 25% of cases during which there were IOM indicators of potential harm to nearby critical neural structures. Further prospective studies remain to be undertaken to adequately evaluate the utility of IOM in modifying and changing surgeon behavior. Further refinements in surgical technique can be recommended with this type of intraoperative data. Ultimately, patient safety and satisfaction will drive adoption of these data sets into clinical practice utilization and oversight. Our data are in agreement with previous studies indicating a trend that supports the continued use of IOM.
